We studied the formation of d(A-T)n cruciforms in E.coli cells by probing intracellular plasmid DNA with chloroacetaldehyde followed by fine analysis of modified DNA bases. d(A-T)16 sequences were inserted into specifically designed plasmids either upstream of a single trc promoter, or between two divergent trc promoters. We found that in both cases, induction of transcription by IPTG leads to the transition of the d(A-T)16 stretch into a cruciform state.
INTRODUCTION
Cruciform structures formed by invertedly repeated DNA sequences have been detected in practically all circular DNA isolated from different living cells (reviewed in 1). The formation and possible functional role of these structures in vivo are less well understood. Recently, we and others provided direct evidence for cruciform formation in E. coli cells by probing intracellular DNA with chloroacetaldehyde and osmium tetroxide (2, 3) . There are also some indirect indications of cruciform formation in vivo (4, 5) .
In the course of these studies, several important conclusions have been made. First, all detected in vivo cruciforms were formed by AT-rich inverted repeats, in particular d(A-T)n sequences. GC-rich inverted repeats have slow kinetics of cruciform formation that lead to a kinetic barrier for their formation in vivo (6) . Second, the mean DNA superhelicity in E. coli cells is usually insufficient for cruciform extrusion (2, 3, 7, 8) . Therefore, cruciforms were observed in cells undergoing stresses that increase torsional tension in vivo, e.g., chloramphenicol treatment, osmotic shock, anaerobiosis (2, 3) . Thus, the combination of rapid relaxation kinetics and an elevated level of DNA supercoiling leads to cruciform formation in vivo. A traditional view of DNA supercoiling in E. coli cells is that it is regulated through the counteraction of DNA gyrase and DNA topoisomerase I (reviewed in 9,10). Another potentially powerful mechanism for inducing local changes in DNA supercoiling is transcription (11) . It was suggested that plasmid DNA containing two divergently working promoters may be separated in vivo into two supercoiling domains: the upstream DNA segment accumulates extra negative supercoils, while the downstream one acquires extra positive supercoils (11, 12) . This 'dynamic' DNA supercoiling was detected in E. coli cells after selective blockage of either DNA gyrase (13) or topo I (14) . In normal cells, where all topoisomerases are functional, the actual value of transcriptionally driven DNA supercoiling is not yet clear. This value may strongly depend on the relative orientation and strength of the promoters (12) , efficiency of transcription-translation coupling (11, 15) , membrane association of protein products (15) , relative orientation of other regulatory elements (e.g. replication origins) (16) , etc. If transcription does elevate DNA supercoiling upstream of a promoter in wild type E. coli cells, it could provoke the formation of non-B DNA structures in vivo. Indeed, quite recently this was found to be true for Z-DNA forming sequences inserted between divergent promoters (17, 18 (20) . Plasmid construction is described in Results. All plasmids were maintained in the E. coli strain DH5a (21) . Plasmid DNA was isolated by the alkali lysis protocol, followed by equilibrium centrifugation in cesium chloride -ethidium bromide gradients (22) . (20) . 2-D electrophoresis was performed in a 1.5% agarose gel as previously described (2) . The separation in the first dimension was carried out in 0.2M sodium phosphate buffer (pH 7.0).
RESULTS

Plasmid construction
To study the influence of transcription on cruciform formation, we inserted the cruciform forming d(A-T)16 sequence upstream a tightly regulated promoter, and looked for changes in DNA structure in vivo when transcription is either induced or repressed.
As starting material, we used plasmid pTrc99A (19) . This vector contains a strong trc promoter (a hybrid of trp and lac promoters), a lacZ ribosome binding site, a multiple cloning site, and the transcriptional terminator of the rrnB gene. To provide the repression of trc promoter, it also contains the lacjq repressor gene ( Fig. 1 ). The plasmid pAT32 containing a d(A-T)16 insert in the SmaI site of the pUC19 polylinker was described by us before (20) . We first removed the PstI and BspMI sites from the multiple cloning site of pTrc99 for convenience during further cloning.
Then we cloned an EcoRI-HindIli fragment from pAT32, which included pUC19 polylinker and the d(A-T)16 stretch into the BspMI site of pTrc99 which is located 174 bp upstream from the transcriptional start site. Next Finally, we cloned the Ptrc-tet cartridge (an Sspl-HindnI fragment from the pTrcTATet plasmid) into the unique bluntended PstI site of the pTrcTACat plasmid, which is located immediately upstream of the d(A-T)16 stretch (Fig.1) . As a result we obtained a plasmid with two divergent trc promoters. The d(A-T)16 stretch is located in a 279 bp-long promoterbounded segment, 174 bp upstream of the Ptrc-cat start site and 73 bp upstream of the Ptrc-tet start site. This segment may accumulate extra negative supercoils after the induction of transcription.
To check the efficiency of transcriptional repression we followed antibiotic resistance of E. coli cells containing the above plasmids in the presence or absence of the transcriptional inducer IPTG. As demonstrated in Fig. 1 Influence of transcription on cruciform formation As a tool for detection of cruciforms in vivo, we used the chemical carcinogen chloroacetaldehyde (CAA). CAA interacts specifically with bases in DNA, forming imidazole rings between the N3 and N4 positions of cytosine or the NI and N6 positions of adenine (24, 25) . It can also react with guanines forming imidazole rings between the Ni and N2 or the N2 and N3 positions (26) .
As a result, the stability of phosphodiester bonds decreases, and after Maxam-Gilbert DNA sequencing one can see additional bands corresponding to CAA-modified cytosines on the purine ladder and to CAA-modified purines on the cytosine ladder (27) . In double stranded DNA, these positions are involved in hydrogen bonding and are not reactive to CAA. Distortions in a regular double helix could lead to the accessibility of those base-pairing positions to CAA. This is why CAA was used for the detection of altered DNA conformations including H DNA (27) , Z DNA (28), and cruciforms (2) . We have previously shown (2) that cruciform formation by d(A-T)n sequences in supercoiled DNA leads to CAA reactivity at two central adenine residues which correspond to the looped out bases in cruciforms (Fig.2) To rule out the possibility that IPTG-induced cruciform formation is not due to the direct effect of the inducer on the overall plasmid DNA topology, we provided a control experiment with the derivative of the pTrcTACat plasmid where the d(A- T)16 sequence was inserted into the Scal site inside the amp gene in place of the BspMI site upstream of the trc promoter. In this case we didn't observe any cruciform formation after the addition of IPTG (data not shown). Thus, we believe that IPTG may change DNA supercoiling locally upstream of Ptrc, rather than in the whole plasmid DNA.
The situation for the plasmid with two divergent trc promoters is somewhat different (Fig.4) . In this case we see modification of central adenines even in the absence of IPTG, reflecting cruciform formation. Addition of an inducer causes a 1.5 to 2 fold increase in the modification intensity. Thus, activation of transcription again induces cruciform formation. The appearance of cruciform without IPTG may be due to incomplete transcriptional repression in this case. This suggestion is supported by the partial antibiotic resistance caused by this plasmid even in the conditions of repression (Fig. 1) .
Comparison of the data in Fig. 3 (2) .
The modification results of the Ptrc from the plasmid with divergent promoters are presented in Fig. 6 . We didn't observe any difference in the pattern of modification for the plasmids with single promoters (data not shown). The addition of IPTG causes dramatic changes in the CAA modification of the promoter DNA. As in Fig.6B , an opening of the -10 to +2 area of the promoter is observed. It should be noted that chemical modification in the same area was previously observed in the case of purified RNA polymerase opening the lac promoter (30,3 1 Experiments with other chemicals may clarify this point. Thus, according to our data, IPTG triggers the formation of an open promoter complex.
It is noteworthy that even in the absence of IPTG we detect moderate CAA reactivity at the positions -9 to -6. This may reflect either promoter opening in a portion of plasmids that didn't bind repressor or the unwinding of the promoter by RNA polymerase at a TATA box even in the presence of repressor. The latter explanation seems more likely. Indeed, one can clearly see that, in the coding strand for example, IPTG changes the pattern of modification rather than simply increasing the modification intensity.
Comparison of data in Figs. 3, 4 and 6 clearly shows that although there is a correlation between promoter opening and cruciform extrusion, the effect on promoter structure is much more pronounced. Since, in all cases, CAA treatment of cells was always the rather long period of 20 min., this may reflect either the very slow rate of CAA modification of cruciforms in vivo, or the relative inefficiency of cruciform formation. The latter seems to be the case because we didn't observe significant differences in cruciform modification when varying CAA treatment from 5 to 30 min. (data not shown). Previously we showed that d(A-T)n cruciforms are formed in E.coli cells under different stresses that increase the torsional tension of intracellular DNA. Thus, we believe that transcriptionally driven negative supercoiling upstream of the promoter leads to the cruciform formation. These results generally support the 'twin-supercoiled-domain' model of Liu and Wang (11) . It is important that, in our case, transcription overcame DNA topoisomerase activities, which tend to maintain torsional tension at a level insufficient for cruciform formation.
Two of our observations, however, are not fully consistent with the common viewpoint. First, it was discussed that both transcription-translation coupling (11) and attachments of the protein product to the cell membrane (15) (Fig. 1) Our data show a correlation between promoter opening after the addition of IPTG and cruciform formation. In contrast, it was previously described (31) that the addition of IPTG does not influence the pattern of chemical modification of the lac promoter in vivo. However, these results were obtained for a multicopy plasmid containing the lac promoter but lacking the laclq repressor gene. Because the amount of repressor under such circumstances is insufficient, a significant fraction of promoters are active even in the absence of the inducer. Thus, the moderate effect of IPTG on the promoter structure is not surprising.
Several mechanisms of transcriptional repression of the lacpromoter have been discussed. The established facts are that the repressor of the lac-operon (LacR) binds to the operator sequence which overlaps transcriptional start site (36,37), and the repression could be reversed by the addition of the inducer IPITG (38). According to the classical viewpoint, LacR simply prevents binding of RNA polymerase to the promoter (39). It was later found that RNA polymerase and LacR may coexist on the promoter and that the repressor prevents the open complex formation (40). Quite recently, however, it was suggested that the primary effect of LacR is the blockage of the initiation-toelongation transition of RNA polymerase rather than the open complex formation (41).
Our data on chemical modification of the promoter in vivo allow us to distinguish between these hypotheses. We found that even in the absence of the inducer the -9 to -6 part of the promoter is unwound. 
